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INTRODUCTION
A classification scheme for ␤-lactamases based on functional characteristics is presented. Three major groups of enzymes are defined by their substrate and inhibitor profiles: group 1 cephalosporinases that are not well inhibited by clavulanic acid; group 2 penicillinases, cephalosporinases, and broadspectrum ␤-lactamases that are generally inhibited by active site-directed ␤-lactamase inhibitors; and the group 3 metallo-␤-lactamases that hydrolyze penicillins, cephalosporins, and carbapenems and that are poorly inhibited by almost all ␤-lactam-containing molecules. Functional characteristics have been correlated with molecular structure in a dendrogram for those enzymes with known amino acid sequences.
␤-Lactamases (EC 3.5.2.6) have been designated by the Nomenclature Committee of the International Union of Biochemistry as ''enzymes hydrolysing amides, amidines and other CON bonds . . . separated on the basis of the substrate: . . . cyclic amides'' (323) . These enzymes are the major cause of bacterial resistance to ␤-lactam antibiotics and have been the subject of extensive microbiological, biochemical, and genetic investigations. Investigators have described more than 190 unique bacterial proteins with the ability to interact with the variety of ␤-lactam-containing molecules that can serve as sub- Seeberg et al. (275) divided Enterobacter cloacae cephalosporinases into types A and B on the basis of the pI. Type A strains had similar kinetic properties and were found in the following Enterobacter cloacae strains: 149M, 208, M6300 and 5822M2, whose enzymes have pIs of 8.8 (99, 103, 134, 275, 299) ; GN7471, whose enzyme has a pI of 8.4 (103, 192) ; SC 12629, whose enzyme has a pI of Ͼ9.0 (53). The kinetic data presented here are for enzymes produced by strains 208 (191) , V31 (127) , and 18SH (97, 98) have similar kinetic properties. z Relative hydrolysis rates. In spectrophotometric assays, rates for cephalosporins are normalized to that of cephaloridine; in microiodometric assays, rates for penicillins are relative to that of benzylpenicillin. Microbiological data indicate a strong cephalosporinase activity.
aa A cloxacillin-inhibitable cephalosporinase from Serratia marcescens T-26E1 had similar hydrolysis properties (269) . Other Serratia marcescens strains that produce AmpC-like cephalosporinases include S7 (334), SC15071 (47), SR50 (202) , TN81 (127) , and GN7647 (294) .
ab Relative hydrolysis rates at a fixed substrate concentration (100 M).
strates or inhibitors (45, 46, 129, 184; this minireview). Because of the diversity of enzymatic characteristics of the ␤-lactamases, many attempts have been made to categorize these enzymes by using their biochemical attributes.
HISTORICAL CLASSIFICATION SCHEMES
Classification of ␤-lactamases on the basis of function began when cephalosporinases, ␤-lactamases with high hydrolysis rates for cephalosporins, were differentiated from penicillinases, enzymes with good penicillin-hydrolyzing activity (88) . Functional classification schemes that have enjoyed acceptance among ␤-lactamase researchers include (i) the classification of Sawai et al. (270) in 1968, describing penicillinases and cephalosporinases by using the response to antisera as an additional discriminator; (ii) the Richmond and Sykes (253) scheme in 1973 that included all of the ␤-lactamases from gram-negative bacteria described at that time, classifying the enzymes into five major groups on the basis of substrate profile; (iii) the extension of the Richmond and Sykes scheme by Sykes and Matthew (292) in 1976, emphasizing the plasmid-mediated ␤-lactamases that could be differentiated by isoelectric focusing; (iv) the scheme proposed by Mitsuhashi and Inoue (194) in 1981 in which the category ''cefuroxime-hydrolyzing ␤-lactamase'' was added to the ''penicillinase and cephalosporinase'' classification; and (v) the groupings proposed by Bush (44-46) in 1989 that included enzymes from all bacterial sources and that was the first scheme to try to correlate substrate and inhibitory properties with molecular structure.
Molecular structure classifications were first proposed by
Ambler (2) in 1980 when only four amino acid sequences of ␤-lactamases were known. At that time a single class of serine enzyme was designated, the class A ␤-lactamases that included the Staphylococcus aureus PC1 penicillinase, in contrast to the class B metallo-␤-lactamase from Bacillus cereus. The class C cephalosporinases were described by Jaurin and Grundstrom (132) in 1981, and class D oxacillin-hydrolyzing enzymes were segregated from the other serine ␤-lactamases in the late 1980s (121, 215) . Eventually, as a result of more easily attainable sequence data, sequences of all important ␤-lactamases will become available, and an inclusive phylogenetic tree can be constructed correlating the relationships among the molecular and functional classes.
BUSH-JACOBY-MEDEIROS CLASSIFICATION
In this minireview an updated version of the Bush scheme is presented, together with a dendrogram based on the currently available ␤-lactamase sequences. Table 1 shows the correlations between the proposed classification and other frequently cited schemes. As in the 1989 system, four groups of ␤-lactamases are designated: group 1 cephalosporinases that are not well inhibited by clavulanic acid (Table 2) , group 2 ␤-lactamases that are generally inhibited by active site-directed ␤-lactamase inhibitors and that belong to molecular classes A or D (Tables 3 to 10) , group 3 metallo-␤-lactamases that are poorly inhibited by all classical ␤-lactamase inhibitors except EDTA and p-chloromercuribenzoate (pCMB) (Table 11) , and group 4 penicillinases that are not inhibited by clavulanic acid (Table  12) . Attempts were made to conserve the major groupings in the 1989 Bush outline. However, three changes are noted. Because the number of TEM-and SHV-derived ␤-lactamases continues to increase, it was decided to classify derivatives of these enzymes in groups that retain the ''2b'' prefix. In place of the former group 2bЈ designation, the extended-spectrum ␤-lactamases have been placed into a 2be group (Table 5) , to show that these are enzymes are derived from the group 2b enzymes and have an extended spectrum of activity. Likewise, the ␤-lactamases structurally derived from group 2b with reduced affinity for ␤-lactamase inhibitors have been placed into a new group, group 2br (Table 6 ). It is anticipated that a similar nomenclature could be used in the future to describe closely related ␤-lactamases derived from enzymes in other groups. The third group of enzymes added to the scheme are the group 2f ␤-lactamases (Table 10) , carbapenem-hydrolyzing enzymes that are weakly inhibited by clavulanic acid and that are now known to contain an active-site serine.
In the current scheme only ␤-lactamases from naturally occurring bacterial isolates were added to the tables. The 1989 classification included representative enzymes for each genus and for each grouping of ␤-lactamase. The additions to the 1989 tables have been more comprehensive, including a large number of novel enzymes characterized in the past 5 years. Also, some older enzymes reevaluated by using substrates or inhibitors not available when the first data were reported for those ␤-lactamases. As noted below, some of these recent kinetic evaluations have caused selected enzymes to be reclassified.
CLASSIFICATION STRATEGIES
Representative ␤-lactamases belonging to all molecular classes are described in Tables 2 to 12 , with separation into groups based primarily on published functional characteristics. The strategy used for classifying the enzymes was similar to that used previously (44). Enzymes were first separated according to their inhibition characteristics with the metal chelator EDTA. ␤-Lactamases that were inhibited by EDTA were assigned to group 3, a group comprising only a small number of ␤-lactamases.
After the metalloenzymes were isolated from other ␤-lactamases, enzymes were grouped according to substrate profile. Priorities were assigned according to the following considerations. First, relative hydrolysis rates for benzylpenicillin and cephaloridine were evaluated to determine whether an enzyme would be classified as a penicillinase or a cephalosporinase. If an enzyme hydrolyzed one of these substrates at a relative rate approximately 30% less than that observed for the other ␤-lactam, then the enzyme was assigned to either a penicillinase or a cephalosporinase category. It should be noted that occasional cephalosporinases hydrolyzed benzylpenicillin but no other penicillins; on the basis of this activity and the differential microbiological responses of the producing organism to penicillins and cephalosporins, an assignment to group 1 was made. Broad-spectrum enzymes were those that hydrolyzed the two substrates at approximately equivalent rates (Table 4) .
Subgroups of enzymes were further defined by examining rates of hydrolysis of carbenicillin or cloxacillin (oxacillin) by penicillinases. If cloxacillin or oxacillin was hydrolyzed at a rate Ͼ50% that for benzylpenicillin, the enzyme was placed in group 2d, a group that may also include enzymes that hydrolyze carbenicillin (Table 8 ). These enzymes are generally not as well inhibited by clavulanic acid as are most group 2 ␤-lactamases. If carbenicillin was hydrolyzed at a rate Ͼ60% that for benzylpenicillin and cloxacillin or oxacillin was hydrolyzed at a rate Ͻ50% that for benzylpenicillin, the enzyme was placed in group 2c (Table 7) .
If hydrolysis rates for the extended-spectrum ␤-lactam antibiotics, ceftazidime, cefotaxime, or aztreonam, were Ͼ10% that for benzylpenicillin, the enzyme was assigned to group 2be (Table 5) , the extended-spectrum ␤-lactamases. This group was originally designated ''extended-broad-spectrum ␤-lactamases'' (45), to reflect the broad-spectrum penicillin and cephalosporin activities also exhibited by the enzymes within this class. Cephalosporinases that hydrolyzed cefotaxime well but that lacked good penicillin-hydrolyzing activity and that were inhibited by clavulanic acid were assigned to group 2e (Table  9 ). Other exceptions were made for assignment to the 2be group. The decision was made to include ␤-lactamases such as TEM-7 and TEM-12, enzymes derived as a result of point mutations in the TEM-2 and TEM-1 genes, respectively; even though the hydrolysis criteria were not met rigorously, large increases in hydrolysis rates for ceftazidime were noted compared with those of the parent enzymes, resulting in increased MICs of that cephalosporin for TEM-producing organisms.
Inhibition characteristics were then examined. Inhibition by EDTA automatically defined an enzyme as a group 3 metallo-␤-lactamase. Inhibition by the suicide inactivator clavulanic acid was an essential characteristic required for assignment of most of the enzymes and, for the cephalosporinases, could often be inversely correlated with inhibition by cloxacillin and the monobactam aztreonam. For example, cephalosporinases were grouped either into group 1 ( Table 2) or group 2e. Group 1 enzymes were not well inhibited by clavulanic acid, but were often inhibited by a low concentration of aztreonam or cloxacillin. Group 2e cephalosporinases that were inhibited by clavulanic acid did not have a high affinity for the monobactam.
Penicillinases that were not well inhibited by clavulanic acid were assigned to group 4 (Table 12) . Although all but two of the enzymes in group 4 had hydrolysis rates for cloxacillin that would qualify the enzymes for assignment to group 2d, the resistance to inhibition by clavulanic acid was higher than that seen for most group 2d enzymes. Therefore, these enzymes will remain in group 4 until additional information, e.g., sequence data, would indicate a more suitable assignment.
PARAMETERS IN TABLES
The parameters used in the tables are equivalent to those described in the 1989 scheme (45), with additional substrate and inhibition data included. Hydrolysis of oxacillin, cefoxitin, and nitrocefin were added to the substrate profiles, and inhibition by tazobactam was added. Hydrolysis of methicillin was included for the enzymes in group 2d. It is noteworthy that many of the substrate hydrolysis data now being provided in published reports include V max or relative V max data. Comparison of V max values is usually a better indication of enzymatic characteristics than the relative hydrolysis rates obtained at a single substrate concentration, data that were frequently reported in earlier literature. Because of the prevalence of V max data obtained spectrophotometrically, it will be assumed that the data in the tables were reported as such unless indicated otherwise.
It has been noted that use of the parameter V max /K m rather than V max is a more informative measure of the hydrolysis capacity of an enzyme (52, 175), especially at low substrate concentrations. On the basis of V max /K m data, the differences between penicillinases and cephalosporinases may become indistinct, because many cephalosporinases are found to have high catalytic efficiencies for penicillin hydrolysis because of low K m values (high affinities) for penicillins (97, 144) . How-ever, because fewer K m data than hydrolysis data are available, especially for some of the older enzymes, classification on the basis of hydrolysis rates is being retained as the discriminating factor among groups. This approach can be especially justified for those ␤-lactams with low K m (Ͻ10 M) as well as low V max values; at physiologically attainable substrate concentrations (Ͼ10 g/ml, approximately 20 M), V max would be the major determinant of relative hydrolytic abilities.
Assay methodology has been indicated for each of the hydrolysis profile tables. Unless noted otherwise, the assays were conducted spectrophotometrically. For many substrates, data obtained by different assay procedures can be compared directly. However, hydrolysis rates obtained for the extendedspectrum cephalosporins are consistently lower when spectrophotometric assays are used for kinetic evaluations than when microacidimetric assays are used to obtain the data. Comparative data from both sets of assays have been included for representative enzymes in group 2be in which these differences may be most significant.
Since 1989 a number of novel ␤-lactamases have been described, and they are included in the present groups. A set of AmpC-like cephalosporinases that have moved from the chromosome to plasmids has been described more frequently. Note that the designation ''AmpC'' refers to a family of related enzymes, not to the same protein produced in a variety of members of the family Enterobacteriaceae. These plasmid-mediated enzymes have been added to group 1, because it was not felt to be necessary to discriminate between chromosomal and plasmid-encoded enzymes. The extended-spectrum ␤-lactamases, whose numbers have increased significantly, represent one of the largest groups of novel enzymes, with extensive biochemical and molecular information being made available. Included among the recently described ␤-lactamases are the mutant TEM enzymes with decreased susceptibilities to the active site-directed ␤-lactamase inhibitors, now assigned to the new group 2br. Additional metallo-␤-lactamases have appeared, most notably the plasmid-mediated enzymes from Pseudomonas aeruginosa and Bacteroides fragilis that have appeared in Japan. Although the ␤-lactamase in Pseudomonas aeruginosa appears to be uncommon, the plasmid-mediated metalloenzyme in Bacteroides fragilis may be a more serious problem (16). A last notable addition to the ␤-lactamase family is the set of enzymes in group 2f, the carbapenem-hydrolyzing molecular class A ␤-lactamases. Previously, the only ␤-lactamases with significant rates of hydrolysis for carbapenems were the class B metallo-␤-lactamases.
DENDROGRAM OF ␤-LACTAMASES
The complete nucleotide or amino acid sequence of many ␤-lactamases has now been determined. A dendrogram expressing the molecular relationship among 88 enzymes classified in Tables 2 to 11 was constructed by the progressive alignment method (86) (180) . However, by 1978 a strain described as carrying the R6K plasmid produced TEM-2 as determined by amino acid sequencing (3), suggesting a mix-up of strains.
made without the signal sequence whenever that information was available. The configuration of such a dendrogram is a function of the method used for its construction (77) . The alignments are also based on entire amino acid sequences rather than critical motifs (100). Somewhat different trees have been published previously on the basis of 18 (139), 31 (66), or 47 (207) ␤-lactamase sequences. Figure 1 shows the dendrogram representing the clustering relationships. Enzymes differing in only a few amino acids, such as the many TEM and SHV derivatives, are joined to the right of the figure. Vertical branch lengths extending to the left are inversely proportional to the similarity between sequences, but the dendrogram is not an exact phylogenetic alignment. Furthermore, the program aligns all sequences supplied, whether or not they are related. Nonetheless, there is a close correlation between structural clustering and functional classification. Sequenced group 1 cephalosporinases belong to molecular class C. Group 2 enzymes with sequence information are either in class A or in class D for the group 2d cloxacillinhydrolyzing enzymes. Group 3 metallo-␤-lactamases are all class B enzymes. On the dendrogram group 1, group 2d, and group 3 enzymes are clustered on independent branches, while the remaining group 2 enzymes form a complex pattern in which enzymes assigned to different subgroups are intermingled.
Because of the small size of group 4, it is possible that the enzymes assigned to it may fall more readily into other groups as their characteristics are further evaluated. For example, the LCR-1 ␤-lactamase was assigned to group 4 in the 1989 scheme (46), but it was recently sequenced and found to be closely related to the class D OXA enzymes (66) . Upon reexamination of the hydrolytic properties of a highly purified LCR-1 preparation, hydrolysis of oxacillin was shown to proceed rapidly (330a) so that the enzyme has been reassigned to group 2d (Table 8) .
DISCUSSION
Classification of a novel ␤-lactamase ideally should include all of the parameters discussed above. However, realistically, this is not always possible, nor is it necessary. Minimal requirements should include substrate profiles for benzylpenicillin and cephaloridine or cephalothin as reference substrates. The choice of additional substrates will vary according to the characteristics of each enzyme. Often, the substrate profile of a novel enzyme is suggested by the resistance phenotype of the producing organism, provided that only a single enzyme is present. Thus, if a member of the family Enterobacteriaceae is resistant to expanded-spectrum cephalosporins but susceptible to ␤-lactamase-inhibitor combinations, an extended-spectrum ␤-lactamase is probably present and the substrate profile should include cefotaxime, ceftazidime, and aztreonam as discriminating substrates. At present, with the ease of obtaining sequence data, it is often possible that the molecular class of an enzyme will be known before a complete biochemical characterization is available. If a class D penicillinase is identified, substrates should include oxacillin and cloxacillin. Inhibitor profiles should include clavulanic acid as a minimal requirement. Other inhibitors should be added to describe the character of the enzyme more completely. For carbapenem-hydrolyzing enzymes, possible inhibition by EDTA and pCMB should be determined. For known class A or class C ␤-lactamases, the latter two inhibitors may be omitted.
Although this functional grouping of ␤-lactamases is probably the most comprehensive that is available, no functional classification will ever be completely satisfactory. All groupings must assume a somewhat artificial set of constraints, because ␤-lactamases are known to encompass a great deal of diversity in the number of amino acid substitutions that can be tolerated with the retention of ␤-lactam-hydrolyzing activity (216, 274) . As noted by Matagne et al. (175) , there is a certain fluidity between the various enzyme groups, depending on which enzymatic parameters are used and which substrates are used for comparison. For example, the classical penicillinase from Actinomadura sp. strain R39, formerly classified in group 2a (45), was first reclassified as a group 2be enzyme on the basis of hydrolysis of cefotaxime, a substrate not available when the enzyme was initially characterized. When V max values for both cloxacillin and oxacillin were included, the penicillinases from both Actinomadura sp. strain 39 and Streptomyces cacaoi KCC-0352 were moved to group 2d, although the enzymes seem to be more closely related on a molecular level to the class A ␤-lactamases. Similar situations are certain to arise in the future with enzymes that have not been examined by using the z Amino acid sequences of active-site peptides of K1 enzymes from 1082E and SC10436 differed only at the residue preceding the active site serine: asparagine in strain 1082E and cysteine in strain SC10436. Substitutions were compatible with differential susceptibilities to thiol group reagents (82, 135) .
aa Originally designated Klebsiella pneumoniae. ab Other ␤-lactamases described from Klebsiella oxytoca with similar substrate profiles are from strain E23004, enzyme with a pI of 7.4, Class A sequence (11); strain GN10650, enzyme with a pI of 5.3 (125) ; strain KH111, enzyme with a pI of 5.2 (325); and strain 5445 (TEM-E2 on plasmid pUK721), enzyme with a pI of 5.3 (223) .
ac Inducible enzyme activity was assumed to be chromosomal. ad An isoform with a pI of 5.2 was identified in the purified protein preparation.
same profiles as those used for a specific classification scheme. Resolution of other discrepancies between classification by structure and function may, as a result, elucidate critical regions of particular enzymes contributing to their biochemical properties. In spite of the anomalies mentioned above, however, the proposed scheme appears to be a workable, and potentially useful, compilation of ␤-lactamase characteristics. Pseudomonas aeruginosa P83 372 100 (288) . A membrane-bound enzyme with a pI of 6.20 was also observed; it had an inhibition profile similar to that of BRO-1 (288) . After cell-bound enzyme was solubilized with papain, BRO-1 had a pI of 6.5 (81) . An unnamed enzyme from Branhamella catarrhalis NNBR-8303 with a pI of 5.4 had very similar enzymatic properties (335) .
i Multiple pI values have been reported: 5.24, 5.49, 6.10, and 6.55 from a single isolate (288) . After cell-bound enzyme was solubilized with papain, BRO-2 had a pI of 6.9 (81) . A membrane-bound enzyme with a pI of 6.20 was observed; it had an inhibition profile similar to that of BRO-2 (288) . Evidence suggests that BRO-1 and BRO-2 are closely related.
j Iodometric assays. k High-producing Proteus mirabilis N-29 and low-producing Proteus mirabilis N-3 and ␤-lactamases with pIs of 6.9 and 6.0, respectively, and enzymatic properties similar to those of the PSE-1 enzyme. ␤-Lactamase activity from Proteus mirabilis N-29 and N-3 and Pseudomonas aeruginosa strains with RPL11 (PSE-1) and pMG19 (PSE-4) were neutralized by anti-N-29 penicillinase serum. Enzyme activity in strain GN79, which differs structurally (Fig. 1) , was not neutralized (298) .
l The nucleotide sequence is unpublished. The GenBank nucleotide sequence accession number is D13210 (Y. Sakurai, K. Tsukamoto, H. Sugiyama, Y. Takeuchi, and T. Sawai). 
Proteus (270) . Other Proteus vulgaris cephalosporinases have similar substrate profiles but slightly different molecular sizes and isoelectric points: strain TN1945, pI 8.8; molecular mass, 28 kDa; strain GN4413, pI 8.2; molecular mass, 27.5 kDa; strain GN4818, pI 6.9; molecular mass, 27 kDa (212) .
q A ␤-lactamase with a substrate profile similar to that of V3-con but a pI of 7.8 was also described from Proteus vulgaris Va1-con. Both were high-level ␤-lactamase-producing (''stably derepressed'') strains that were selected with cefotaxime from parent strains with an inducible cephalosporinase (332) .
r Hydrolysis followed biphasic kinetics. h Sequence of gene from strain 569H differs from metallo-␤-lactamase gene from strain 5/B/6 by 24 amino acids. i Strain 569/H was used to produce ␤-lactamase for kinetics. j Identical nucleotide sequences reported for genes cfiA from strain 2480 (300) and ccrA from strain 3636 (243) . A closely related enzyme from B. fragilis is plasmid mediated (17). k Ampicillin as 100. l An apparent tetrameric metallo-␤-lactamase with a pI of 6.8 and similar kinetic properties was reported from Xanthomonas maltophilia 5B105 (219) . m Inhibition data for strain Xanthomonas maltophilia 1712. n Sequence determined for Xanthomonas maltophilia IID 1275. o Assumed to be homologous to metallo-␤-lactamase from Xanthomonas maltophilia IID 1275. 
